ts The widely used intracerebral tumor implantation method by freehand injection into parietal or hippocampal areas of the rat brain has proven inadequate for reliable experimental therapeutic studies. Problems include poor intracerebral growth yields and significant rates of spread to extracranial tissues, lungs, and spinal cord. Major variables have been examined experimentally on a model using nitrosoureainduced nervous system tumor cell lines in syngeneic rats. A rapid stereotaxic method greatly improved the consistency of tumor placement. The optimal site was found to be the caudate nucleus. The production of a spheroid intracerebral growth was further facilitated by the use of 1% agar in the cell suspension medium and by an injection volume of 10 #1 containing at least 10' cells. Further improvements involved injection technique and flushing of the operative field.
S EVERAL brain-tumor models in small animals
have been developed for use in experimental therapeutic trials? These have included autochthonous rat gliomas induced by avian sarcoma virus, 12 autochthonous nitrosourea-induced gliomas/m serially transplanted tumor fragments, s,9 and implantation of chemically induced glioma cells. ~a~a8 In terms of chemical oncogenetic systems using nitrosoureas, the use of autochthonous tumors is highly desirable; however, extensive variability in numbers of tumors and induction times reduces the likelihood of statistical validity in test groups. In contrast, syngeneic intracerebral implantation of cultured cells derived from tumors induced in the nervous system permits a more uniform and predictable growth, and is quite useful for certain stages in experimental therapeutic studies. Survival time can be used as the end point, as an indirect measurement of intracranial tumor size.
As with prevailing practice, our implantation method in the past has consisted of freehand injection of tumor cells through the skull of young rats, a method that is rapid and permits preparation of large numbers of animals/ When, however, studies were begun on x-irradiation to the brain with chemotherapeutic trials, it was found that significant numbers of animals had developed extracranial spread or spinal metastases, which caused death totally unrelated to the size of the intracranial mass. For this reason, all of the technical variables associated with the implantation method have been experimentally examined with the goal of achieving a more reliable, reproducible, and statistically valid model.
Materials and Methods

Experimental Preparation
The transplantable neoplastic cell lines were established from neurogenic tumors induced in CD Fischer rats by nitrosourea reagents (Table 1) . 8 
,1~
The selected tumor cell lines were repeatedly propagated in modified Eagle medium with Earle's salts,* supplemented with 10% fetal bovine serumt and antibiotics (penicillin 200 IU/ml, streptomycin *Modified Eagle medium with Earle's salts supplied by Grand Island Biological Co., Grand Island, New York. tFetal bovine serum supplied by Reheis Chemical Co., Phoenix, Arizona. 100 #g/ml, and mycostatin 16.6 IU/ml), and incubated at 37~ in a humidified chamber with 5% CO2.1~ Classification of tumor types was based upon light and electron microscopic examination of neoplasms, and upon morphological characteristics in vitro. Prior to use, neoplastic cells were revitalized from frozen cell stocks so that cells used for different intracerebral implantations only varied, if at all, within a narrow range of in vitro propagation levels. Preconfluent cultures of selected tumor cell lines were trypsinized briefly, and cells were harvested by centrifugation at 200 G for 10 minutes and suspended in growth medium, as described above, before tumor implantation. Cell lines chosen for this study included those previously observed to show tendencies for metastasis or cerebrospinal fluid pathway spread. The ceils were injected into adult syngeneic CD Fischer rats.$ Agar and agarose were derived from DIFCO Bacto-Agar and LGT Agarose (gelling temperature less than 30~ respectively.w To evaluate cell viability after exposure to these polysaccharides, spongioblastoma cells were suspended in growth medium at a concentration of 106 cells per ml. These cells were maintained at 1 ~ to 4~ or 37~ for various time intervals up to 180 minutes, and examined for viability by means of a dye exclusion test with trypan blue. Experimental groups with 1% agar or 1% agarose were exposed at 37~ and examined after the same incubation periods. For intracerebral implantations, tumor cells were suspended in growth medium that contained 1% agar or agarose. Concentration of cell suspensions was adjusted so that the injection volume of either 5 or 10 /zl contained 10 ~ viable tumor cells. Tumor cell suspensions without polysaccharide were kept at 1 ~ to 4~ during the incubation procedure, whereas those with agar or agarose were incubated in a 37~ water bath to prevent gelling. These cell suspensions were placed in microsyringes, and then cooled to room temperature to partly congeal the inoculum before implantation.
Implantation Methods
The freehand implantation technique was performed on male CD Fischer rats weighing 90 to 120 gm. Animals were anesthetized with ether, their heads were shaven, and the scalps cleansed with 70% alcohol. The original procedure had called for the injection to be made into the right frontal lobe approximately 3 mm from the midline at a depth of 5 ram. After modification, the injection target was located 8 mm posterior to the intercanthal line and 3 mm to the right of the midline. Injection was made through the soft skull using a 50/zl Hamilton microsyringe fitted with a 5-mm long No. 26 needle.
The stereotaxic method was that of Barker, et al.,~'5 with modification of coordinates and other procedures based upon experimental results. Male CD Fischer rats weighing 280 to 320 gm were anesthetized with intraperitoneal 6% sodium pentobarbital, 60 mg/kg. The head and abdomen (ground electrode contact of the coagulator) were clipped, and ear bars inserted. The animal was then fixed onto a rapid stereotaxic apparatus. II The scalp was cleansed with 70% alcohol, and a skin incision of about 20 mm in length was made at the midline with an electrocoagulator. The surface of the skull was exposed so that a small hole could be drilled with a No. 7 round-type dental burr. Stereotaxic coordinates were determined using the atlas of Pellegrino, et al. 18 A hole through the skull was drilled 7.0 mm anterior to the frontal zero plane (external meatal line) and 3.0 mm to the right of the midline. Care was taken to avoid penetration of the drill into the cortical surface. A precision-milled screw (2.0 mm (0.07874 in.) in length; length of outer diameter thread, 2,15 mm (0.08465 in.); and diameter of center hole, 0.71 mm (0.02795 in.)) was screwed into the skull opening. Steel screws could be used for ordinary purposes and plastic screws for radiation experiments.* Tumor cell suspension was injected intracerebrally through the screw hole, using a 25-#1 No.
:~Syngeneic CD Fischer rats supplied by Charles River Breeding Laboratories, Wilmington, Massachusetts.
w Bacto-Agar supplied by DIFCO Laboratories, Detroit, Michigan, and LGT Agarose supplied by Miles Laboratories, Inc., Elkhart, Indiana. II Intermediate stereotaxic model for rat and guinea pig with stereotaxic drill press manufactured by Trent Wells, Inc., Southgate, California.
*Both steel and plastic screws obtained from California Screw Co., San Francisco, California. "104 cells (schwannoma, spongioblastoma) or 7.5 X 104 cells (astrocytoma) in 25 #1 or 10 #1 phosphate-buffered saline were percutaneously injected into the right hemisphere (3 mm or 5 mm deep from the scalp surface).
702-N Hamilton syringe with a fixed needle covered with a plastic sleeve, permitting an injection depth of 5 mm from the dural surface. The injection time was approximately 10 seconds. Upon withdrawal of the needle, the screw hole was simultaneously filled with bone wax to prevent reflux of the cell suspension. The operative field was flushed with Betadine solution and the scalp closed with clips.
Evaluation Methods
Animals were fed ad libitum and weighed three times weekly. They were examined with respect to state of consciousness, responses to contact, motor deficits, cranial nerve defects, and visual and tactile placing responses. Animals were routinely sacrificed on the 28th day after inoculation. For visualization and measurement of the tumor mass, rats were injected with a solution of 0.2% trypan blue in normal saline intraperitoneally (1 ml/100 gm) 1 day before sacrifice. A general autopsy was performed to detect metastases. Scalp tissues were inspected for intracranial growth, and masses were measured. The brains and spinal cords were removed and preserved in 10% formalin. The distribtion of all externally visible tumor masses was recorded. Fixed brains were cut into l-mm coronal sections. An index of tumor volume was taken as the product of the largest measurement of tumor height, width, and length. For some graphic purposes, the cube root of this volume index was used. The spinal cord was sectioned and inspected for tumor. All tumor-containing samples were prepared histologically using cresyl violet, Luxol fast blue-periodic acid Schiff, and hematoxylin and eosin stains.
Results
Evaluation of the Freehand Method
The original freehand method was evaluated using the three cell lines known to have spreading tendencies. Injections were made percutaneously, as described, to a point between 3 and 5 mm from the scalp surface, usually centering in the frontal or parietal subcortical white matter or the underlying dorsal hippocampus. Table 2 includes results of inoculations of 217 rats with either schwannoma (line T13), spongioblastoma (line T22), or astrocytoma (line T24). The spongioblastoma tended to extend to an extracranial location (29% of cases). A majority of all three cell lines showed large intracranial but extracerebral masses. These usually took the form of single to multiple masses of tumor growing over the cortical surface and centered upon the injection site. When intracerebral growth was present, there was usually continuity between the two masses. Less than half of the three types had intracerebral growth. Failure of any growth at the injection site occurred with significant rates of 8% to 18%. The spongioblastoma tended to extend to the spinal cord and occasionally to the brain stem. The schwannoma and the astrocytoma had high rates of metastasis to the lungs. Although individual patterns varied among the three cell lines, all tumor types were characterized by inadequate intracerebral growth yields and excessive local or distant spread.
Source of Spread to Cerebrospinal Fluid and Spinal Cord
Distant metastasis to the lung related more to cell type than to extracranial extension. Of rats with injection of schwannoma cells, 68% had lung metastases, whereas only 4% had extracranial extension. On the other hand, the spongioblastoma extended extracranially in 29% but had no lung metastases.
The source of spinal cord extension was via the cerebrospinal fluid (CSF) pathways. Affected cords were enveloped in nodular masses of tumor which grew within subarachnoid spaces and frequently invaded the parenchyma. There was no consistent correlation with extracerebral extension at the injection site. Spinal extension occurred with intracranial growth alone, and there was no microscopic evidence of tumor over the convexity. A good correlation was found, however, with the proximity of the tumor to the ventricular fluid. In all cases of spinal cord extension, there were large zones of penetration of intracerebral tumor into either the lateral or third ventricle. Oc casionally, tumor seedings were found in the ventricular system or in the posterior fossa cisterns. Trials were conducted with intracerebral trypan blue injections using the stereotaxic method as a means of tracing access of injected material to CSF pathways. At all injection sites there was surprisingly little extension of dye to the adjoining subarachnoid space of the cortical convexity. Any extension upward along the needle track tended to remain confined to a small zone surrounding the needle hole. In contrast, injection at coordinates corresponding to the original freehand method regularly produced filling of the lateral and third ventricles, with visible extension into the fourth ventricle and cisterns around the brain stem. Indeed, injection anywhere within the proximity of 1 mm to a ventricular surface produced the same result. Penetration of the needle through any part of the ventricular system, even apparently sealed crevices of the lateral ventricle, was sufficient to stain the ventricular system. Consequently, injection into the usual target, such as the parietal cortex, hippocampus, thalamus, or lateral cerebral hemisphere, were all unsatisfactory. Good results were regularly found by injection into the caudate nucleus, in agreement with the report of Sobue, et al. 16 N o ventricular extension occurred. When the dye was suspended in 1% agarose it remained as a globular mass with minimal reflux up the needle track (Fig. 1) . Accordingly, coordinates were adopted that corresponded to this target.
Comparison o f Agar and Agarose
The effects of exposure of the two polysaccharides on the viability of spongioblastoma cells were compared and are shown in Table 3 . Cells maintained in growth medium alone at 1 ~ to 4~ maintained satisfactory viability for an hour or more. Slightly shorter survival was noted at 37~
With both 1% agarose and 1% agar, viability was appreciably reduced at 30 to 60 minutes. In order to minimize such exposure time, a revised cell preparation procedure was developed. While one group of 12 to 16 rats had the skull screws implanted, tumor cells were trypsinized, observed for viability, counted, centrifuged at 200 G for 10 minutes, and kept in pellet form at 1 ~ to 4~ When the group of rats was ready for injection, the pellet of tumor cells was resuspended in growth medium containing 1% agar or agarose at 37~ Six microsyringes were filled and placed at room temperature for approximately 6 minutes to achieve satisfactory viscosity. Another series of syringes was filled and injected so that cell suspensions were exposed to the polysaccharide for less than 30 minutes. Because of the higher temperature for gel formation available with 1% agar, and the finding of a larger initial spherical growth, this material was adopted for routine use.
With either of the polysaccharides, injection of 1% suspension without cells produced no detectable inflammatory response in the brain. With the suspension containing tumor cells, strands of cells could be seen throughout the mass and covering the external border by 3 days. Growth extended in a peripheral fashion, leaving the agar in its central position. With some tumors, a zone of karyorrhexis could be seen at about 8 days. Thereafter, solid globular growth continued with progressive resorption of the agar (Fig. 2) .
Evaluation o f the Stereotaxic Method
Having determined that the caudate nucleus was the optimal injection site, a comparison was next made between the stereotaxic implantation method using mature rats (280 to 320 gin) and the freehand method on younger rats (110 to 150 gm) with surface measurements corresponding to the caudate nucleus. All rats received 104 cells for the spongioblastoma. Fifty rats were divided into five groups (Fig. 3) . Two additional variables were examined. Groups 1 and 2 were injected by the freehand method with 10 ,tl medium: in Group 1 the medium contained no agarose, and in Group 2 it contained 1% agarose. Groups 3, 4, and 5 were injected by the stereotaxic method: in Group 3, 10/zl of medium without agarose was administered; in In this experiment, the results with the freehand method without agarose (Group 1) were quite poor. No intracerebraI growth was achieved. Yields were low, and the surviving tumor masses were confined to extracerebral and extracranial masses. With agarose (Group 2), the freehand method was improved. Six of 10 rats had intracerebral growth. Still, extracranial extension occurred in most cases, and extracranial growths were quite large (tumor size is here expressed as the cube root of the volume index). Better results were obtained with the stereotaxic method without agarose (Group 3) in which eight of nine rats had intracerebral growth. Only two had extracranial extension, and the extracerebral growth masses were smaller than those of the freehand agarose method. The addition of agarose to the stereotaxic procedure (Group 4) resulted in further improvement; all animals had intracerebral growth, and only one had extracranial extension. In this group, there were considerably smaller extracerebral masses. The stereotaxic method with agarose and an injection volume of 5 ~1 (Group 5) had very good results with regard to extracranial extension, but the intracerebral growths were excessively small. Consequently, among these variables, the stereotaxic method with agarose at a volume of 10 ~1 appeared superior. 
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Additional Modifications
Since the rate of injection of cell suspensions might influence the degree of reflux back through the screw hole, observations were made to determine the optimal procedure. It was found that an injection time of approximately 10 seconds with a 4-to 5-second pause before removing the needle substantially reduced reflux. After completion of the injection, flushing of the field with a full-strength Betadine solution further helped to reduce the incidence of extracranial growth.
Comparative Results with Complete Modifications
Results of tumor growth distribution after implantation of the original three cells lines using the stereotaxic method, injection into the caudate nucleus, 104 cells, a 10-#1 suspension volume, and 1% agarose are shown in Table 4 . Yields were markedly improved, with a 0% to 1% failure rate. Globular intracerebral growths occurred in 99% to 100% of rats. Extracerebral and extracranial growth extensions were still seen, but at a much lower rate than with the original method. Furthermore, extracranial growths were quite small in size. Metastatic extensions to the lung and spinal cord were markedly reduced.
Median survival time for tumor-bearing rats receiving 104 cells was similar to that in groups injected by the freehand technique. The modifications in the inoculation procedure, however, resulted in a narrower range and a more predictable survival time for untreated animals. Using the freehand method, median survival for schwannoma-bearing rats was 28 days, with a range of 17 to 37 days, while the modified stereotaxic technique resulted in a range of survival of 20 to 31 days, with a similar median. For spongioblastoma, the freehand median was 34 days, with a range of 19 to 51 days, compared with a 35-day median and a range of 21 to 44 days using the present modifications.
The growth rate of the intracerebral tumor followed a satisfactory pattern. It was at first spheroid in shape, and later became elongated in the anterior-posterior dimension (Fig. 4) . Exponential-type growth was seen, as shown in Fig. 5 , in which time of sacrifice after inoculation is plotted against volume index.
Discussion
In any brain-tumor model system in which a group of untreated animals is compared with those given chemotherapy or irradiation, it is imperative that the end point be reliable as well as predictable. Survival time can be used as an indirect indicator of tumor size only if there is uniform growth at the inoculation site with minimal or no extension. Growth in continuity over the surface of the brain is of no serious significance, since it does not appear to modify survival. Very large extracranial extensions may be somewhat more hazardous. On the other hand, extensive metastasis to lung or spinal cord can be disastrous. The problem of spinal cord extension is further compounded in animals receiving x-irradiation to the head. If inoculated cells have leaked into CSF pathways, the intracerebral tumor may undergo regression even as the animal's death is caused by massive cord infiltration. The same phenomenon has been observed in humans. 1~
With the modification indicated by the present results, satisfactory experimental groups can be achieved for statistical analysis. The survival of untreated rats is predictable, with deaths confined to a reasonably narrow range. The stereotaxic method increases reliability of placement and well justifies the extra time required. It also permits extension of observations to mature animals rather than the young rat required by our freehand method. Placement in the caudate nucleus greatly reduces extracerebral extension. A minimum of 104 cells appears satisfactory and a volume of 10 #1 is desirable. One percent agar has the advantages over agarose of increased viscosity due to high gelling temperature and less cytotoxicity, but it must be used with limited cell exposure time as described. If necessary for certain experimental conditions, it could be deleted. Care in the duration of the injection and in prevention of reflux of cells to the scalp is important. With further practice and experience, our results have continued to improve. In the last 224 rats inoculated with spongioblastoma and a glioma clone, there have been small extracranial growths in only 0.9%, spinal extension in 0.9%, liver metastasis in 0%, and posterior fossa growths in 4.5%.
Growth of tumor in the caudate nucleus affords an additional benefit of clinical examination of the rats. The clinical pattern becomes more uniform and predictable. The first sign consists of impaired placing responses contralaterally or bilaterally, usually first appearing in the hind limbs. After that, contralateral hemiparesis occurs. Only in the late phase is there any impairment of grooming, altered response to handling, or stupor.
In the course of some recent observations on the effect of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and x-irradiation upon implanted tumors, we have made some observations that yield some additional information about the validity of survival time as an end point? With BCNU, x-irradiation, and a combination of the two, mean survival times were progressively increased. After measuring tumor sizes, it was found that there was no significant difference of size between the three groups and the controls (unpublished observation). Consequently, regardless of survival time, death occurs when the tumor reaches a critical size; hence, survival time can be correlated with the size of the tumor.
